The intraseasonal evolution of the North American monsoon in southeast Arizona during the 1980-93 period is investigated using a neural network-based nonlinear classification technique known as the self-organizing map (SOM). The goal of the SOM algorithm is to discover meaningful low-dimensional structures hidden in the high-dimensional observations. Various daily lagged atmospheric fields (850-hPa meridional winds, 700-hPa specific humidity, 500-hPa geopotential heights, and 850-500-hPa thickness) for the summer season (June-JulyAugust-September) of the 1980-93 period are used in the nonlinear classification of monsoon modes. Special emphasis is given to the wettest monsoon modes. The neural network classification successfully captures the multidimensional interaction of the atmospheric variables during the monsoon evolution, and shows monsoon ''bursts'' and ''breaks'' in a given year. Spectral analysis of daily summer rainfall in the study area reveals a significant peak in the 12-18-day band; a secondary and significant peak is also found near 40 days. Thus, monsoon bursts and breaks seem to be modulated by low-frequency variability.
Introduction
In the past decade there has been an upsurge in the amount of research undertaken to investigate the variability of the so called ''Arizona monsoon'' and the ''Mexican monsoon.'' Much of the research has shown that what used to be thought of as an essentially re-gional-scale phenomenon (e.g., Bryson and Lowry 1955; Tang and Reiter 1984; Carleton 1986; Moore et al. 1989; Douglas et al. 1993 ) is actually an integral part of the large-scale North American monsoon system (NAMS), which encompasses most of Mexico and parts of the United States (e.g., Adams and Comrie 1997; Higgins et al. 1997; Barlow et al. 1998; Yu and Wallace 2000; Higgins and Shi 2001) . The mean evolution of the monsoon from Mexico to the United States is characterized by the regular northward progression of heavy precipitation from southern Mexico by early June, VOLUME 15 J O U R N A L O F C L I M A T E which quickly spreads northward along the western slopes of the Sierra Madre Occidental (Douglas et al. 1993; Stensrud et al. 1997) into the southwestern United States by early July (Higgins et al. 1999) . The onset of the monsoon in Arizona is frequently abrupt; in a matter of a day, the dry, desert air may be replaced by a humid, thunderstorm-spawning air mass (Moore et al. 1989) . The change in air mass is due to a shift of the axis of the surface subtropical ridge (Bryson and Lowry 1955) and a northward displacement of the high pressure centers over the eastern Pacific and the western Atlantic Oceans (Carleton 1986) . Increases in precipitation also coincides with the development of a pronounced anticyclone at the jet stream level (e.g., Okabe 1995) and the development of a thermally induced trough in the desert of the Southwest (Tang and Reiter 1984; Rowson and Colucci 1992) . Diabatic heating (due possibly to solar and latent heating) over the northern Mexican plateau and the southwest United States appear responsible for the establishment of the upper-level anticyclone (Higgins et al. 1998; Barlow et al. 1998 ) comparable, though in a much lesser degree, to that of the Tibetan Plateau (e.g., Webster et al. 1998) .
Wet (dry) summers in the southwestern United States are thus linked to an intensification and northward displacement (weakening and southward displacement) of the monsoon anticyclone (e.g., Carleton et al. 1990; Douglas et al. 1993; Higgins et al. 1998; Higgins et al. 1999; Castro et al. 2001) . As the ridge shifts to the north, the prevailing winds change from westerly to southeasterly across much of the southwestern United States. The northward movement of the subtropical ridge and concomitant southeasterly midtropospheric flow during wet events prompts moisture advection aloft from the region of persistent convection over western Mexico (Mullen et al. 1998) . Wet summers in Arizona have been also linked to an enhanced longitudinal gradient (Ϫ, ϩ) of sea surface temperatures (SST) between the Pacific coast of Baja California and the Gulf of California (Carleton et al. 1990 ) and reversal of the winds in the northern Gulf of California (Tang and Reiter 1984; Badan-Dangon et al. 1991) . Observational and modeling studies (Stensrud et al. 1997; Mitchell et al. 2002) suggest that high SSTs in the northern Gulf of California (Ͼ29.5ЊC) favor evaporation and low-level moisture and, thus, are conducive to wet conditions in the southwestern United States. In a much larger scale, outflow related to strong monsoon activity causes atmospheric descent and drying over the Great Plains (e.g., Mo et al. 1997; Higgins et al. 1997; Higgins et al. 1998; Barlow et al. 1998 ). Higgins and Shi (2001) indicate that the onset date of the monsoon in the southwest United States seems to be modulated by remote forcings (i.e., antecedent conditions in the SSTs), but the intensity (i.e., total seasonal precipitation) could be more directly linked to local forcings and intraseasonal variations. Mitchell et al. (2002) argue that both onset date and intensity of the monsoon in Arizona are related to local boundary conditions of the SSTs in the Gulf of California, but they do not discard other possible factors. Independently of the relative contributions of local versus remote forcings to monsoon precipitation variability in Arizona, several studies suggest that a large portion of this variability is linked to intraseasonal phenomena such as easterly waves (e.g., Zehnder 1991; Adams and Comrie 1997); Gulf of California surge events (e.g., Hales 1972; Brenner 1974; Stensrud 1997) ; tropical cyclones (e.g., Higgins and Shi 2001) ; and the MaddenJulian oscillation (MJO; e.g., Higgins and Shi 2001) . Monsoon ''bursts'' (active periods) and ''breaks'' (dry periods), as termed by Carleton (1986) , are rather distinct over the southwest United States and are supported by Mullen et al. (1998) who document a significant 12-18-day quasiperiodicity in monsoon precipitation in southeastern Arizona. Mo (2000) suggests a 22-day intraseasonal mode in monsoon precipitation in Arizona and New Mexico that is linked to tropical convection, and Higgins and Shi (2001) indicate that wet and dry monsoon periods in western Mexico and the southwest United States are linked to 30-60-day variations associated with the MJO (e.g., Madden and Julian 1994) . Modulation at 40 days (e.g., Lau and Chan 1986 ) and 10-20 days also occurs in the Asian monsoon (e.g., Krishnamurti and Ardanuy 1980) . Thus, local and remote forcings, as well as large-scale, intraseasonal dynamics seem to play an important role in modulating widespread convection, bursts, and breaks, and the overall intensity of monsoon precipitation over the southwest United States.
The main goal of this paper is to investigate the intraseasonal variability (Ͼ10 days) of the monsoon and, in particular, its mature phase in southeast Arizona (Fig.  1) during the 1980-93 period using a relatively novel neural network classification technique known as the self-organizing map (SOM). The objective of the SOM algorithm is to discover meaningful low-dimensional climate patterns hidden in the multidimensional daily observations, and it can be thought of as a nonlinear form of cluster analysis. Daily lagged atmospheric fields, such as midtropospheric specific humidity, geopotential heights, low-level winds, and thickness, are used in the SOM analysis to generate intraseasonal monsoon climate modes. Previous studies have examined aspects of the variability of some of these variables individually and have derived monsoon modes typical of wet and dry intraseasonal events (e.g., Carleton 1986; Mullen et al. 1998) or the climate modes characteristic of the monsoon evolution in the southwestern United States (e.g., Higgins et al. 1997) . However, the present analysis differs from past studies in that the classification of monsoon modes is derived from a set of highdimensional daily atmospheric variables keyed over southeastern Arizona. We expect to determine relevant features of the monsoon evolution based on similar daily and low-passed (Ͼ10 days) atmospheric conditions. Some of the questions that we want to answer in this The paper is organized in the following way. Section 2 describes the data and procedures and section 3 shows the results of the spectral analysis of precipitation in southeast Arizona. Section 4 describes the SOM nonlinear classification technique and their advantages, and section 5 discusses the mean daily and intraseasonal evolution of the monsoon according to the SOM nonlinear classification. Section 6 focuses on the main atmospheric features and impact of the wettest monsoon modes. The last section presents a summary and discussion of major findings.
Data and procedures
June-September (JJAS) records for this analysis consist of twice-daily (0000 and 1200 UTC) gridded atmospheric data from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis from 1980 to 1993 (Kalnay et al. 1996) . The reanalysis data currently span the period 1949-99, but in this analysis the time period Arizona and 1983 Arizona and , 1984 Arizona and , and 1990 are in the top 10 years according to climate division 7 data for this state. The NCEP-NCAR reanalysis dataset is derived from a global spectral model with an approximate resolution of 2Њ lat ϫ 2.5Њ lon. Two atmospheric variables were extracted for nine grid cells over the southwest United States and northwest Mexico, centered in southeastern Arizona (the target grid cell in Fig. 1 is centered at: 32ЊN, 110ЊW): 850-hPa meridional winds (850) and 500-hPa geopotential heights (Z500). Two other variables were extracted for the target grid cell only: 700-hPa specific humidity (q700) and 500-850-hPa thickness (Th500-850). All variables were lagged over 48 h with a 12-hourly resolution (5 lagged periods) to provide information on current and antecedent conditions. Daily and twice-daily anomalies of Z500 and q700 were obtained by subtracting the seasonal cycle. The intraseasonal signal was then obtained by applying a Blackmon (1976) low-pass filter to the Z500 and q700 anomalies to retain the variability associated with greater than 10 days. This filter retains an average 80% of the variance.
Daily average SST were also extracted from the NCEP-NCAR reanalysis for the Intra-Americas Sea region (i.e., Gulf of Mexico, Caribbean Sea, eastern Pacific, and Gulf of California; 5Њ-35ЊN, 120Њ-65ЊW). SST data are in a Gaussian grid that has an approximate resolution of 1.9Њ latitude ϫ 1.9Њ longitude. Daily precipitation (2Њ lat ϫ 2.5Њ lon grid) over the conterminous United States (Higgins et al. 1996) was obtained from the Climate Prediction Center and is used to obtain precipitation composites. Daily precipitation anomalies are VOLUME 15
defined as departures from the mean daily values for the 1980-93 period.
Spectral analysis of precipitation in southeastern Arizona
A spectral analysis was applied to the precipitation anomalies for mean wet, mean dry, and intermediate years to determine the dominant intraseasonal periods of variation in southeastern Arizona (the target grid cell in Fig. 1) . Wet (1982 Wet ( , 1983 Wet ( , 1984 Wet ( , 1990 dry (1987 , 1989 , 1993 and intermediate (1980 , 1981 , 1985 , 1986 , 1988 , 1991 years were obtained based on a 1 standard deviation criterion (e.g., wet summer Ͼ 1 std dev season Ϫ1 ). A Blackman-Tukey method with a lag window of 1/20 Ͻ M/N Ͻ 1/3 was chosen to compromise the effects of bias (size of bandwidth) and variance (size of confidence bands) (Chatfield 1975, p. 141) . Here M is the truncation point of the lag window and N is 122 days season Ϫ1 (JJAS). 1 A white noise spectrum and 95% confidence intervals were also computed to determine the significant periods of variation. Spectral analysis of daily summer rainfall for mean wet, mean dry, and intermediate years in the study area reveal a significant peak in the 12-18-day band; a secondary and significant peak is also found near 40-60 days. On average, more than 60% of the temporal variance of monsoon precipitation is contained in fluctuations between 10 and 90 days. These results corroborate that monsoon bursts and breaks in Arizona seem to be modulated by low-frequency intraseasonal variability as suggested by other authors (Mullen et al. 1998; Mo 2000; Higgins and Shi 2001) . We also calculated a 7-day running mean precipitation anomaly at each grid cell to illustrate the spatial distribution of precipitation associated with the intraseasonal climate modes (see section 5) derived from the SOM analysis.
The self-organizing map (SOM)
The Kohonen SOM (Kohonen 1995 ) is a neural network classification technique that is particularly well suited for recognizing relevant structures in complex, high-dimensional data. Recently, the SOM has been used to extract the fundamental patterns of human gene expression inherent in massive datasets (e.g., Tamayo et al. 1999) suggesting new hypotheses about gene differentiation. In climate research it has been applied to climate change (Hewitson 1998) , climate diagnostics and downscaling (Cavazos 1999 (Cavazos , 2000 , and satellite remote sensing (e.g., Ambroise et al. 2000; Wan and Fraser 2000) . Results of a comparison of the SOM neural network and linear clustering methods by Mangiameli et al. (1996) showed the SOM to be significantly superior in both accuracy and robustness. Cavazos (2000) used a SOM to investigate circulation and humidity patterns associated with extreme precipitation events in the Balkans and found the results to be consistent with past studies based on empirical orthogonal functions (EOF) and canonical correlation analysis (CCA; e.g., Corte-Real et al. 1995; Busuioc and von Storch 1996) . However, many natural phenomena are characterized by essential nonlinear structures that can be invisible to linear reduction techniques (e.g., EOF). For example, the interactive, highly nonlinear soil-atmosphere system has been found to display robust selforganized features with global characteristics that may arise mainly as the product of local dynamics (Rodriguez-Iturbe et al. 1998) .
The mathematical framework of the SOM is found in Kohonen (1995) and the algorithm is available online (Kohonen et al. 1995 , see reference for the Web site). A brief description of the SOM is also found in Cavazos (1999 Cavazos ( , 2000 . Software implementations of the SOM are available for several computing platforms; they are reasonably fast, and they are scalable to large datasets. The SOM algorithm seeks to discover low-dimensional complex patterns hidden in the high-dimensional input variables through an unsupervised learning and selfadaptation process. The SOM consists of a regular, usually two-dimensional, map of nodes onto which a distribution of multidimensional input vectors is projected nonlinearly (Somervuo and Kohonen 1999) . These nodes are analogous to the classes in linear cluster analysis. The SOM mapping tends to preserve the topologic-metric relations between input vectors. The projection is done by a matching process, which represents most faithfully those dimensions of the input variables along which the variance is most pronounced. In this study, the nodes in the SOM map are expected to represent significant climate modes (e.g., clusters of daily synoptic or intraseasonal patterns) that characterize the evolution of the monsoon in southeastern Arizona. It is thus a diagnostic tool related to linear synoptic climatological techniques (e.g., Yarnal 1993; Yarnal et al. 2001) . In the first stage, every node in the map has an associated reference weight vector, which is initialized to a small random number. Self-organization and learning proceed by repeatedly exposing the nodes in the Kohonen map to the entire set of input vectors (i.e., daily atmospheric variables). Most SOM applications use the smallest of the Euclidian distances or the maximum dot product in defining the best match between the input vector and the reference weight vectors in the map. In each iteration the best matching node (winning node) and its closest neighbors are rewarded, while those farther away are inhibited. The result of the iteration is that the weights of the nodes surrounding the winner move toward the input vector. The reference weights are updated accordingly and self-organization continues until convergence is reached. The central result in self-organization is a nonlinear projection of the probability density function of the input vectors onto the two-dimensional array using a vector quantization (VQ) approximation. The best map is expected to yield the smallest vector quantization error; thus, an appreciable number of random initializations (Ͼ10) ought to be tried to avoid falling into a local minimum. The SOM algorithm has an adaptive VQ procedure to calculate the error. For more details about the optimal class separation using the VQ procedure see Kohonen (1995) and Somervuo and Kohonen (1999) .
There is no rule to determine the ''significant'' number of nodes in an SOM. After several tests a 5 ϫ 3 map (i.e., 15 climate modes) was selected for their physical soundness, though a larger number of modes may provide more in-depth synoptic information on the evolution of the monsoon and on extreme events. Two random subsets with 70% of the data were also used to test the reproducibility of the classification. The difference between modes was small suggesting a good repeatability. Mangiameli et al. (1996) conducted a sensitivity analysis of the SOM using empirical data with structural imperfections (i.e., outliers, irrelevant variables) and found that the variability between different SOM runs was minimal.
A daily monsoon classification for southeastern Arizona (over the target grid cell in Fig. 1 ) centered at 1200 UTC was derived from a time series of atmospheric controls m X n composed of m ϭ 1708 daily (JJAS) vectors from 1980 to 1993 with n ϭ 100 timelagged atmospheric variables:
Th500-850 ).
The subscript 45 indicates that each daily vector contains information on low-level meridional winds (850) and midtropospheric geopotential heights (Z500) from the target grid cell and its 8 neighbors in Fig. 1 (9 grid cells) for current and antecedent conditions (5 lag times). Each daily vector also contains information on midtropospheric humidity (q700) and thickness (Th500-850) from the target grid cell for current and antecedent conditions (5 lag times). The variables and the lag time used in this analysis were selected to account for the combined effect of low-and midtropospheric circulation, midtropospheric moisture, and heating of the midtropospheric layer during the monsoon season due to absorption of solar radiation and the thermal contrast between continents and oceans (e.g., Krishnamurti 1971) . In essence, the SOM analysis enabled a nonlinear classification of these multivariate daily data into 15 categories (modes).
After the SOM analysis, daily time series of several atmospheric variables were composited into the 5 ϫ 3 climate modes, and mean daily and intraseasonal (Ͼ10 days) anomaly fields were computed, as described in section 2. Intraseasonal mean anomaly composites of the SOM climate modes characteristic of the mature phase of the monsoon (i.e., wettest monsoon modes) were tested in pairs for differences of mean and variance using a two-sample t test.
2 It is assumed that the distributions of the two-sample means being tested are Gaussian (Z) or that the sample sizes are sufficiently large that the central limit theorem can be invoked (Wilks 1995, 122-124) . In this analysis, all SOM climate modes described in the following sections have more than 100 observations.
SOM results

a. Mean daily monsoon evolution in southeast Arizona
The 15 monsoon modes obtained from the SOM nonlinear classification of a set of daily atmospheric variables keyed in southeast Arizona are illustrated in Fig.  2 with the matching mean daily composite maps of Z500 and q700 for 1200 UTC. Unlike the classes resulting from linear cluster analysis, ''nearby'' modes in the 3 ϫ 5 SOM map in Fig. 2 are more closely related than are ''distant'' modes (e.g., adjacent modes versus those in the opposite corners). The x and y axes have no a priori meaning, although one may be inferred later, as it will be seen below.
An initial understanding of the various modes can be gained by examining the mix of days falling into each category (mode). All three modes in the bottom row (row 1) of Fig. 2 are composed of mainly June (Ju) days indicating premonsoon conditions in southeast Arizona. Significant amounts of midtropospheric moisture are confined to the monsoon region in central-west and southwest Mexico. Mode {4} in row 2 is mainly characterized by days in the second half of June, when there is an expansion of the Bermuda high and an intensification of the midtropospheric anticyclone over northwestern Mexico. Modes {5, 6} are composed of September (S) and June days. This means that during the decay phase of the monsoon in September (e.g., Higgins et al. 1997) , atmospheric conditions retreat and are partially similar (in terms of the classification variables) to those seen in June in modes {5, 6}. These two modes {5, 6} are characterized by large amounts of moisture over most of Mexico, the eastern United States, and the Great Plains. The middle row contains modes comprising a mixture of atmospheric conditions occurring from July-September (JAS). The upper two rows represent the mature phase of the southwest monsoon, not only because the maximum number of days in these composites belongs to July and August, but also because
Mean daily composites of 500-hPa geopotential heights (dam) and 700-hPa specific humidity (Ͼ5 g kg Ϫ1 ; shading) derived from the SOM nonlinear classification for southeast Arizona. The label above each composite indicates: the climate mode number (1-15), the number of days in each composite in parentheses, and significant months according to the highest frequency of days (Ju ϭ Jun, J ϭ Jul, A ϭ Aug, S ϭ Sep). Geopotential heights (Z ) are contoured every 6 dam, except for Z Ͼ 584 dam, which are contoured every 2 dam. Base period : JJAS 1980-93. the typical monsoon ridge (e.g., Bryson and Lowry 1955; Carleton 1986 ) is fully developed at its northernmost position over the ''Four Corners'' region (mode {13}) and large amounts of moisture have been advected into the southwest United States. During the mature phase in July and August, there is also a considerable reduction of midtropospheric moisture over eastern Mexico and Texas, which could be linked to the midsummer drought, the canicula, in those regions (e.g., Mosiño and García 1974; Magaña et al. 1999; Vazquez 2000) .
There are many possible sequences of these daily modes that the monsoon can follow in a given year; at intraseasonal, synoptic, and daily timescales the atmosphere switches back and forth between different burst and break monsoon modes. The monsoon is a dynamic phenomenon; thus, it is possible to introduce an artificial time coordinate in Fig. 2 to explain its evolution. For example, a common and simplified sequence of monsoon evolution from premonsoon conditions (i.e., June) to the mature phase (July-August) might be composed from the modes in Fig. 2 in the following sequence: {3,
2, 1; 4, 7, 10; 13, 14, 15}. It must be noted that the atmosphere tends to persist for several days in each of these modes, and in reality it may transition between many combinations of modes. The westerly circulation characteristic of the spring season over the southwest United States {3, 2} retreats northward at the end of June {1, 4, 7} as the Bermuda high migrates northwestward; the monsoon ridge over northwestern Mexico moves northward (up the left column of Fig. 2) . Then, during the mature phase (top row), the impact of the monsoon in the Southwest will depend on the intensity and latitudinal location of the ridge, as documented in past studies (e.g., Carleton 1986; Adams and Comrie 1997; Higgins et al. 1997; Comrie and Glenn 1998; Castro et al. 2001) , as well as on the amount of moisture available (e.g., Higgins et al. 1997; Barlow et al. 1998) . Large amounts of moisture are advected toward Arizona and New Mexico when the anticyclone is displaced eastward (modes {14, 15}) of the Four Corners region (modes {13}). This particular sequence of events {7, 10, 13, 14, 15} is consistent with the mean evolution of the monsoon documented by Higgins et al. (1997) for the 1979-94 period (their Fig. 25 ). They did 3-day composites of Z500 and q500 separately, centered in a sequence of 13 days before and 13 days after the monsoon onset. This consistency shows the reliability of the SOM analysis and confirms that one of the most common features of the onset of the monsoon in the southwest United States is the enhancement of the monsoon ridge over the region and the presence of large amounts of moisture, as documented by many authors. As the ridge intensifies and migrates to the north, troughs in both sides of the continent develop as a result of the strongest thermal contrast between oceans and continent at the height of the boreal summer (e.g., Krishnamurti 1971) . As indicated in the introduction, this feature is analogous to that of the Asian monsoon, but in a much lesser degree.
b. Intraseasonal monsoon evolution in southeast Arizona
As shown in section 3, the principal mode of variability of monsoon precipitation in southeast Arizona occurs at intraseasonal (Ͼ10 days) timescales; thus, Fig.  3 illustrates the monsoon composites according to the daily 10-day low-pass Z500 and q700 anomalies. Using a similar example mode sequence as in the last section, the midtropospheric negative anomalies (i.e., westerly circulation) in the first half of June {3, 2} weaken as an anomalous anticyclone starts developing in northwestern Mexico {1, 4}. At the beginning of June {1, 2, 3} northwestern Mexico is characterized by negative midtropospheric moisture anomalies as seen in Fig. 3 , while southwest Mexico experiences large amounts of moisture at daily timescales (Fig. 2) ; nevertheless, the moisture anomalies in southwest Mexico are close to zero at both daily and intraseasonal timescales suggesting a low variability. The premonsoon positive height anomalies seen in modes {1, 4} propagate northwestward (up the left column of Fig. 3 ) leading to an intensification of the monsoon anticyclone over the western United States in July and August. During the mature phase of the monsoon (top row) the anomalous ridge propagates to the east and the anomalous trough over the eastern North Pacific displaces toward the southwest United States {13, 14, 15}. As the monsoon anticyclone is displaced eastward, larger positive moisture anomalies are seen over the southwest United States. The geopotential height (Fig. 4) and midtropospheric moisture (not shown) anomaly patterns that characterize the mature phase are statistically significant at the 99% level over the NAM region. As illustrated in Fig. 3 and Fig. 4 , small, but significant, geopotential height anomalies over the region suggest that subtle changes in the geopotential height field may be sufficient to destabilize the atmosphere if significant moisture is available. This is supported by large positive precipitation anomalies (7-day running means) during the mature phase (top two rows) in Fig. 5 . Maximum intraseasonal moisture and precipitation anomalies over Arizona are observed when the monsoon ridge is shifted about 10Њ eastward (mode {15}) of the typical Four Corners location (mode {13}). These results indicate that the northward transport of midtropospheric tropical moisture (and convective activity) over the southwest United States is strongly linked not only to the latitudinal location of the monsoon ridge, but also to its longitudinal location. Figure 6 shows daily precipitation and the evolution of the monsoon modes according to the SOM results during the wettest (1984) and driest (1989) years of the 1980-93 period. For ease of illustration the SOM monsoon modes {1-15} are given negative values in this figure. Bursts (active periods) and breaks (dry periods) of the monsoon are clearly evident in the SOM-derived modes in Fig. 6 . The onset of the monsoon and monsoon bursts over southeast Arizona occur when atmospheric conditions typical of modes {9} or greater are well established. Monsoon breaks, on the other hand, occur when the atmosphere retreats to modes {4, 5, 7} when there is a temporal southward displacement of the monsoon ridge (e.g., Carleton 1986; Carleton et al. 1990 ) and lack of moisture or even to modes {1, 2, 3} when there is a polarity reversal of the midlatitude height anomaly and a lack of tropical moisture over the study area. Figure 6 shows an early (25 June) and late (9 July) start of the monsoon onset for the wet and dry years, respectively, consistent with the mean onset date of the monsoon over the study area (Higgins et al. 1998) . The frequency of days in each climate mode is further illustrated in Table 1 , which shows that 1984, the wettest year not only in the study period, but also in the 1948-2001 period, has a larger frequency of days (62%) in the upper five SOM modes, while the driest year of the study period, 1989, has a larger number of days (52%) in the lower five modes.
c. Evolution of the monsoon during the wettest and driest years of the 1983-93 period
Signatures of the wettest monsoon modes
Results indicate that the upper 20th percentile of wet events in southeast Arizona is associated with four monsoon modes {11, 12, 14, 15}. The most frequent wet mode {15} explains 28% of this extreme precipitation variance. The two wettest monsoon modes {12, 15} are both characterized by the largest amounts of intraseasonal moisture over the Southwest (Fig. 3) , but their circulation anomalies as reflected by the midtropospheric geopotential heights and precipitation response away from this region are different (Fig. 5) . Wet modes {14, 15}, which are most frequent during July and August, show a clear northward-displaced monsoon ridge and an out of phase relationship between precipitation in the Southwest and precipitation in the Great Plains consistent with earlier findings (e.g., Higgins et al. 1997 , Higgins et al. 1998 . In contrast wet mode {12}, which is most frequent in August and September, shows weak circulation anomalies over most of the United States (Fig. 3) and a much weaker relationship between precipitation in the Southwest and precipitation in the Great Plains (Fig. 5 ) than modes {14, 15}. This difference could be linked to responses in the outflow and upper-VOLUME 15 level divergence during these distinct types of anomalous wet conditions. The zonal wet mode {14, 15} shows a northeastward displacement of the monsoon ridge over North America, which could lead to descending motion and drying over the Great Plains. The meridional wet mode {12}, on the other hand, shows a significant north-south three-cell height anomaly pattern over western North America, but zero height anomalies over the rest of the region (Fig. 3) , possibly explaining the close to zero precipitation anomalies observed over the Great Plains (Fig. 5) . At synoptic and daily timescales (Fig. 2) wet mode {12} generates a midlatitude/tropical confluence over the Southwest bringing in moisture from the eastern Pacific tongue and from the Gulf of California. The trough produces widespread destabilization and with large amounts of moisture at daily and intraseasonal timescales, mode {12} generates large precipitation totals over the southwest United States as shown in Fig.  5 . This is consistent with one of Carleton's (1986) synoptic patterns associated with monsoon bursts in Arizona. Other studies also document the importance of a midlatitude trough over the western United States as a key element in the development of surges in the Gulf of California (Stensrud et al. 1997; Adams and Comrie 1997) . Stensrud et al. (1997) document that if a midlatitude trough passes the western United States a couple of days before a tropical easterly wave passes by the Gulf of California from the Gulf of Mexico, a strong surge is a likely outcome. The Gulf of California surge advects large amounts of moisture northward and promotes increased convective activity in Arizona (Stensrud et al. 1997 ).
Mo (2000) argues that in the 10-90-day spectral band, the most important intraseasonal mode associated with wet and dry monsoon events of an index of all ArizonaNew Mexico precipitation is a 22-day oscillatory mode. Our study area is much smaller than that of Mo's and also southeast Arizona is located in the region of largest monsoon variability (e.g., Douglas et al. 1993 ). Nevertheless, the anomaly patterns associated with our two wettest monsoon modes {12 and 15} in Fig. 3 are analogous to Mo's (2000) outgoing longwave radiation (OLR) and streamfunction anomalies for day Ϫ2 and day ϩ2 of her 22-day mode (her Fig. 20 ). This similarity indicates that at intraseasonal timescales (Ͼ10) these two wet monsoon modes are significant features of the mature phase of the monsoon in the southwest United States.
Summary and discussion
Self-organization into statistically stable states that display well-defined global structures is common in natural phenomena (e.g., Drossel and Schwabl 1992; Solé and Manrubia 1995; Rodríguez-Iturbe et al. 1998; D'Odorico and Rodríguez-Iturbe 2000) . We employed a neural network classification technique, the self-organizing map (SOM), to explore the organization of climate states that characterize the evolution of the monsoon in southeast Arizona at daily and intraseasonal timescales (Ͼ10 days) during the 1980-93 period. The current analysis differs from past studies in that the composites that characterize the monsoon evolution were derived from a SOM unsupervised learning algorithm whose objective is to discover the principal modes of variance of the underlying dimensions of a set of daily atmospheric variables. Each daily vector contained information on current and antecedent conditions (up to 48 h) of the following variables: 850, q700, Z500, and Th850-500 over the southwestern United States and northwestern Mexico (Fig. 1) . We believe that one of the major advantages of the SOM is the self-organization and nonlinear projection of a complex set of atmospheric variables associated with a particular climate phenomenon, such as the monsoon, into a low-dimensional climate space. In this analysis, the monsoon climate modes derived from the SOM proved to be reliable and coherent in their physical in-
terpretation. Two distinct climate modes of the mature phase of the monsoon emerged and were confirmed by comparison with past studies of the monsoon at daily (e.g., Higgins et al. 1997) and intraseasonal (e.g., Mo 2000) timescales. New features that characterized the intraseasonal wet monsoon modes during the 1980-93 period are reported here.
The results indicate that during the mature phase of the monsoon there are three intraseasonal modes {13, 14, 15} (Figs. 2 and 3 ) in southeast Arizona that are linked to large amounts of midtropospheric moisture over the southwest United States and to a northwarddisplaced and intensified monsoon ridge, which leads to descending motion over the Great Plains. These modes, which have a maximum frequency in July and August, are embedded in a zonal three-cell midtropospheric height anomaly pattern in the North PacificNorth American sector, suggesting a large-scale forcing mechanism possibly linked to SST anomalies in the Pacific Ocean (e.g., Higgins and Shi 2000; Barlow et al. 2001; Castro et al. 2001) . There are also two other wet modes {11, 12}, which are more frequent in August and September, that do not present the typical monsoon ridge and are characterized by a meridional three-cell midtropospheric height anomaly over western North America. When there is considerable midtropospheric moisture over the study area, the zonal and meridional wet modes generate heavy rainfall in the southwest United States {i.e., modes 11, 12, 14, 15}. Outflow related to the zonal wet mode produces drying conditions over the Great Plains, while the impact of the meridional wet mode is mainly confined to the Southwest region. The zonal wet mode (i.e., enhanced monsoon ridge) has been recognized in longer datasets and in many studies as the most typical mode that characterizes the mature phase of the monsoon in the southwest United States. As mentioned in the introduction, wet (dry) summers in the southwestern United States are linked to an intensification and northward displacement (weakening and southward displacement) of the monsoon anticyclone (e.g., Carleton et al. 1990; Douglas et al. 1993; Higgins et al. 1998; Higgins et al. 1999; Castro et al. 2001) . Our results indicate that it is not only the northward location of the ridge, but also its eastward location that is associated with wet conditions in the Southwest. The meridional wet mode reported here is analogous to a pattern documented by Mo (2000) as part of the mature phase of the monsoon in Arizona/New Mexico.
The enhanced role of the Sierra Madre Occidental, the Gulf of California, the Bermuda anticyclone, and tropical moisture during wet monsoon modes indicate that important ocean-atmosphere interactions take place in the Intra-Americas Sea region (i.e., the Caribbean, Gulf of Mexico, eastern tropical Pacific, and the Gulf of California) during such events. Figure 7 shows the SST and 850-mb wind differences during wet monsoon modes of the 1980-93 period. The SST anomaly patterns of the four wettest monsoon modes {11, 12, 14, 15} are not significantly different from each other. Figure 7a, for example, shows the SST difference between the two wettest monsoon modes {12, 15}, indicating that the SST anomalies are practically the same for both cases and suggests that climatic differences in these modes are mainly due to dynamical mechanisms. Evidence of this is illustrated in Fig. 7b with the mean lowlevel wind difference between the two wettest monsoon modes. There is not a significant wind difference over northwestern Mexico between the two wet modes, but there is an anomalous low-level cyclonic circulation off the west coast of central-south Mexico and there are weaker trade winds near the southern Mexican coast and Central America during the meridional wet mode. The anomalous flow in Fig. 7b suggests that intense convection off the Mexican Pacific coast-possibly associated with the intertropical convergence zone, tropical cyclones, and an active phase of the MJO (e.g., Molinari and Vollaro 2000; Higgins and Shi 2001) may cross over the Isthmus of Tehuantepec toward the Gulf of Mexico (e.g., Molinari and Vollaro 2000) and the Great Plains during the meridional wet mode {12} (see also the moisture pattern in Fig. 2 ). Maloney and Hartmann (2000) and Molinari and Vollaro (2000) have documented that MJO modulates eastern Pacific cyclogenesis, and Higgins and Shi (2001) have found a strong relationship between the leading mode of intraseasonal variability of the NAMS, the MJO and the points of origin of tropical cyclones in the eastern Pacific and the Atlantic basin. This would explain the much weaker relationship between precipitation in the Southwest and precipitation in the Great Plains (Fig. 5 ) during August and September of wet mode {12}.
In contrast, significant differences are seen in both the SST and the 850-mb wind difference patterns during transitions toward a wet monsoon mode. Figures 7c and  7d , for example, illustrate the transition from mode {13} to wet mode {15}, which are both part of the zonal monsoon mode. A positive/negative SST latitudinal gradient in the eastern Pacific off the west coast of Mexico during wet mode {15} (Fig. 7c) is linked to weaker northerly winds along the Pacific coast of Baja California, weaker trade winds over central and southern Mexico (Fig. 7d ), and anomalous low-level southerly flow over the Gulf of California. The anomalous cyclonic circulation near the Pacific coast in northwestern Mexico seems to be equivalent barotropic (cf. mode {15} in Fig. 3 and Fig. 7d ), thus favoring low-and midtropospheric moisture from the eastern Pacific to move northward over the Gulf of California resulting in large precipitation totals over the southwest United States (Fig. 5) during mode {15}. This is consistent with Lindzen and Nigam (1987) who document that SSTs, along with their gradients, constitute a key forcing of the low-level tropical flow and wind convergence. SST gradients in the eastern Pacific in Fig. 7c also suggest changes in the intensity of the warm pool near the southwestern Mexican coast. The warm pool has been rec- ognized as a possible monsoonal moisture source as revealed by precipitation stable isotopes in southeast Arizona (Wright et al. 2001) . Magaña et al. (1999) also document that changes in the intensity of the warm pool play an important role in the development of the midsummer drought in Mexico and Central America, which partially coincides with the mature phase of the monsoon in northwest Mexico and the southwest United States.
Interestingly, looking at extreme wet monsoons outside of the study period (e.g., 1955, 1959, 1999) indicate that the SST signature observed in Fig. 7c can be completely reversed during other extreme wet events, especially along the Baja California Peninsula. Carleton et al. (1990) for example, report (for the 1951-83 period) that wet monsoons in the southwest United States are associated with negative SST anomalies along the Pacific coast of Baja California and our results for the 1980-93 period show the opposite. Maloney and Kiel (2002) document that in the Pacific coast of Mexico, the summer 30-90-day intraseasonal SST variance is greatest in the southern tip of Baja California, but relative to the annual cycle the percent variance explained by this band is larger in southern Mexico, in the hurricane genesis region, than in Baja California. This implies that summer SST variability in the Pacific coast of Baja California is linked to low-frequency variability; much likely interannual associated with El Niño-Southern Oscillation (ENSO) events. It has been documented that ENSO signal appears most prominent in the tropical part of the California current (i.e., in front of Baja California), while the Pacific Decadal Oscillation (PDO; Mantua et al. 1997 ) is clearer in the temperate North Pacific (e.g., Hare et al. 1999; Lluch-Cota et al. 2001) . The winter and summer average SST conditions in the tropical eastern Pacific (not shown) during the 1980-93 period were analogous to El Niño conditions (i.e., warm tropical eastern Pacific, warm California current). In the central North Pacific, negative SST anomalies prevailed during the study period indicating a positive phase of the PDO. Although the wettest summers of the study period did not necessarily occur during ENSO events, the average conditions of a constructive phase of ENSO and PDO (i.e., El Niño/ϩPDO; Gershunov and Barnett 1998) during 1980-93 may have induced positive SST anomalies along the Pacific coast of Baja California to persist from winter to summer. However, this still does not explain why Carleton et al. (1990) report that negative SST anomalies in Baja California favored wet summers in Arizona before the 1980s, while our results show the opposite for the 1980-93 period. These contrasting results may suggest that wet summers in Arizona are insensitive to SST anomalies along the Pacific coast of Baja California, or that the problem is more complicated than that: the combined interaction of ENSO-PDO may have different signatures and climatic impacts over the region depending on their phases as some authors have started to suggest (e.g., Gershunov and Barnett 1998; Barlow et al. 2001; Castro et al. 2001) . Thus, in order to better understand intraseasonal monsoon variability we plan to extend the period of analysis and to investigate the relative contribution and interaction of regional versus remote forcings in a future study.
